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Abstract: The metal – support interaction offers electronic, compositional, and 
geometric effects that could enhance the catalytic activity and stability. Herein, a high 
corrosion resistance and an excellent electrical conductivity MXene (Ti3C2Tx) hybrid 
with CNT composite material are developed as a support for Pt. Such a composite 
catalyst enhances durability and improved Oxygen reduction reaction (ORR) activity 
compared with the commercial Pt/C catalyst. The mass activity of Pt/CNT-MXene 
demonstrates a 3.4-fold than that of Pt/C. The ECSA of Pt/CNT-Ti3C2Tx (1:1) 
catalysts shows only 6% dropping with respect to Pt/C of 27% after 2000 cycle 
potential sweeping. Furthermore, the Pt/CNT-Ti3C2Tx (1:1) is used as cathode catalyst 
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for single cell and stack, and the maximum power density of stack reach 138W. The 
structure distortion of the Pt cluster induced by MXene is disadvantageous to the 
desorption of O atoms. This issue can be solved by adding CNT on MXene to 
stabilize the Pt cluster. These remarkable catalytic performances could be attributed to 
the synergistic effect between Pt and CNT-Ti3C2Tx. 
Keywords: MXene; synergistic effect; composite catalytic support; oxygen reduction 
reaction; Proton exchange membrane fuel cells 
Introduction 
Proton exchange membrane fuel cells (PEMFCs) have been considered as a promising 
power source because their high energy densities and non-pollutant emissions during 
operation. Oxygen reduction reaction (ORR) in cathode has been considered as the 
rate-limiting step in electrochemistry scheme for PEMFCs. Carbon black supported 
platinum has been widely reported as the most efficient ORR catalyst. However, the 
scarcity and high cost of Pt are the major obstacles to the large-scale 
commercialization of PEMFCs [1-4]. Therefore, the amount of Pt reduction while 
keeping high catalytic activity or increase the catalytic activity with the same Pt 
loading is necessary for ORR [5, 6]. A typical catalyst includes catalytic particles and 
support [7-10]. Enormous attention has been paid to develop the catalytic particles, 
such as the morphologies or structures modification [11-13], transition metal 
employed to alloy with Pt [14-18] etc. Recently, the catalytic particles loaded on the 
two-dimensional (2D) materials substrates were reported as a useful way to increase 
the catalytic activity and stability, owing to the reactive metal–support interaction 
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offering electronic, geometric and compositional effects [1, 2, 19-25].  
MXene in the formula Mn+1XnTx been exfoliated via selective etching of the “A” 
element from MAX phases (where M is an early transition metal, A is a main group 
IIIA or IVA element, and X is a C and/or N, T represents a surface termination group 
such as –O, F and/or –OH) [26-28]. MXene has attracted tremendous attentions as 
catalyst supports due to its good electronic conductivity, high specific surface area, 
hydrophilic properties and etc. [3, 23, 29, 30]. In addition, the MXene surface’s 
functional groups could facilitate the adsorption of metal particles by electrostatic 
interactions thus anchoring the active sites [23]. Zhang et al. reported Pt single atoms 
anchor on the MXene surface through covalent bonding to enhance the catalytic 
activity that the catalyst exhibits a low overpotentials of 30 mV to achieve 10 mA cm
− 2 for HER [1]. After the accelerated durability tests, the Pt/MXene catalyst 
performance much better stability than the commercial Pt/C [2]. However, the 
catalysts based on 2D materials often result in restacking, which limits ion and 
electron transport in the electrode. The poor charge transfer performance while 
MXene surface with amount of functional groups may limit its application. Therefore, 
an effective strategy to prevent restacking of MXene nanosheets and enhance the 
ionic and electrical transport is value to realize. 
Herein, we report a method for preparing MXene/CNT by self-assembly of negatively 
charged Ti3C2Tx flakes and positively charged CNTs. A platinum nanoparticle 
catalyst supported on MXene/CNT exhibiting enhanced catalytic activity and stability. 
In particular, the Pt/MXene-CNT catalyst demonstrates a 3.4-fold increase in mass 
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activity compared to the commercial Pt/C catalyst. A population analysis from density 
functional theory (DFT) calculations suggests that which facilitates ORR.  
 
Materials and Methods  
Chemical and Reagents: Ti3AlC2 was purchased from Laizhou Kaiyi Ceramic 
Materials Co., Ltd. Sodium borohydride, isopropanol, chloroplatinic acid, 
Hexadecyltrimethylammonium chloride, Cetyltrimethylammonium bromide（CTAB）, 
Lithium fluoride and Hydrochloric acid were purchased from Sinopharm Chemical 
Reagent Co., Ltd. Carbon nanotube was purchased from Beijing Boyu Gaoke New 
Material Technology Co., Ltd. All chemicals are in AR grade and used as received. 
Preparation of Ti3C2Tx nanosheets: Etching and stripping of Ti3AlC2
 was carried out 
according to the literature [30]. Briefly, hydrochloric acid (HCl) was diluted into 10ml 
9M HCl, and 0.8g LiF was injected to the diluted solution. The above solution was 
stirred at 20℃ for 5 min, and then 0.5g Ti3AlC2 was stepwise added with 24h further 
stirring at 35℃ to achieve Ti3C2Tx. The acidic mixture was washed with deionized 
water via centrifugation (5 min per cycle at 3500 rpm) for several times until the pH 
was about 7. Ti3C2Tx was sonicated for another 1h. Finally, the supernatant was filtered 
by a porous MF-millipore mixed cellulose ester membrane filter (0.22 μm pore size) 
and dried at 30 ℃ in vacuum oven.  
Preparation of Pt/CNT-Ti3C2Tx catalyst: CTAB was dissolved in deionized water 
followed by adding CNT added, and  the solution was ultrasonically dispersed for 1h 
at 20℃ to prepare CTAB-grafted CNT [30, 31]. Porous Ti3C2Tx/CNT composite 
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support was prepared by a self-assembly process. Typically, the CTAB-grafted CNT 
solution was added dropwise to Ti3C2Tx suspension (The mass ratio of CNTs and 
Ti3C2Tx was 1:1 and 2:1). Chloroplatinic acid (H2PtCl6·6H2O) and reducing agent 
(sodium borohydride) was added dropwise with ultrasonic. The precipitate 
Pt/CNT-Ti3C2Tx was rinsed with ethanol and deionized water for five times and dried at 
80 ℃ for 24hrs as shown in Scheme S1. 
Materials Characterization: The crystal structure was examined using X-ray 
diffraction (XRD, PANalytical X’Pert Pro Diffractometer), with a 2θ range of 5~70°. 
The morphologies of materials were measured by a JSM-5300LV (Japan) Scanning 
Electron Microscope (SEM). X-ray Photoelectron Spectroscopy was conducted on 
ESCALAB250Xi spectrometer equipped with a monochromatic Al X-ray source (Al 
Kɑ, 14.8KV×9.5mA). High-resolution transmission electron microscopy (HRTEM) 
were conducted on a JEM-2100F instrument operating at 120 kV. 
Electrochemical tests: The cyclic voltammetry (CV) and linear sweep voltammetry 
(LSV) were used to characterize the electrochemical performance of the catalyst. The 
test was carried out in a three-electrode system: the counter electrode is graphite rod, 
the reference electrode was an Ag/AgCl (saturated KCl), and the working electrode 
(WE) substrate was a glassy carbon electrode. Pt/CNT-Ti3C2Tx (1:1), Pt/CNT-Ti3C2Tx 
(2:1), Pt/CNT-Ti3C2Tx (1:2) and Pt/C were dissolved in solution (500ul deionized 
water: 450ul isopropanol: 50ul 5wt.% Nafion solution). All the electrochemical 
experiments were performed in 0.1 M HClO4 using Autolab PGSTAT302. In this 
study, all potentials values were given vs the reversible hydrogen electrode (RHE) if 
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not specified. A rotating disk electrode (RDE) with a glassy carbon (0.1963 cm2) was 
used as the working electrode. The electrochemical surface areas (ECSA) were 




                                               (1) 
where SH is the hydrogen desorption peak or the integrated area of the hydrogen 
adsorption peak of the CVs, v is the scanning speed, MPt is the loading of Pt on the 
working electrode. 
Oxygen reduction reactions were conducted in a 0.1 M HClO4 aqueous solution. The 
polarization curves were obtained at a scan rate of 10 mV s-1 and a rotation rate of 
1600 rpm by sweeping the potential from 1.2 to 0.2 V. The current density was 
normalized in reference to the ECSA of the catalyst. Based on the ORR polarization 
curves, the number of electrons transferred (n) during the course of the ORR was 
















                                              (2) 
 
B = 0.2nFC𝐷2/3𝑣−1/6                                                (3) 
Where J is the measured current density, JK and JD are the kinetic and 
diffusion-limiting current densities, n represents the electron transfer number, F is the 
Faraday constant, D is the diffusion coefficient, v is the kinetic viscosity and C is the 
bulk concentration of O2. 
Fuel cell performance test: The catalysts was dispersed in a water/isopropanol 
7 
 
mixture with ultrasonic vibration to achieve the ink. The size of the gas diffusion layer 
(carbon paper, Avcarb GDS2240) was 1cm2. The Pt loadings on the electrode were 
both 0.2 mg cm-2. The (Membrane electrode assembly) MEA was obtained by 
pressing the electrodes onto Nafion 211 membranes for 2 min at 130ºC. H2 and air 
were fed into the cell at flow rates both of 150 cm3 min-1. The stability of cell was 
tested at 0.3V for 6h. The catalysts used for the cathode and anode of the fuel cell are 
20wt.% Pt loaded catalysts, the carbon paper used contains microporous layer and 
keeps humidifying during the test. The fuel cell stack with 22 MEAs (10 wt. % Pt/ 
CNT-Ti3C2Tx (1:1) and 90 wt. % Pt/C mixture catalyst for cathode) was test under 
H2/air at 25℃. 
Computational Section: Methods and Models. First-principle calculations are 
performed using the Vienna Ab initio Simulation Package (VASP) code [32,33] with 
the Perdew–Burke–Ernzerhof functional [20] and projector-augmented wave (PAW) 
potential [34,35]. The Van der Waals (vdW) interactions are considered using the 
DFT-D3 method [36]. The transition states are calculated by CI-NEB method [37]. 
The models of Ti3C2Tx-suported Pt cluster with and without CNT are simulated (see 
Fig. S5(a) and (b)). Here, the group Tx on Ti3C2 is considered only by adding hydroxy 
OH–, and the armchair CNT (7,7) are constructed yielding the tube diameter of 9.55 Å. 
We cleave two atomic layers along Pt <111> direction to simulate the supported Pt 
cluster. Pt cluster and CNT remain a periodic structure along a axis in our models. To 
this purpose, a very large supercell is needed to reduce the lattice mismatch. The 
models with and without CNT include 312 and 200 atoms respectively. The lattice 
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mismatch is less than 5% in these two models. Considering the large diameter (9.55 Å) of 
CNT, the thickness of vacuum layer is set to be sufficiently large (25 Å) between two 
MXene layers belonging to two supercells respectively, to eliminate 
supercell-supercell interactions perpendicular to the surface. 
 
Results and Discussions 
Preparation and characterizations of the Pt/CNT-Ti3C2Tx. The preparation of 
few-layer Ti3C2Tx is summarized in the Methods. The X-ray diffraction (XRD) 
patterns in Fig. S1a shows that the characteristic peaks of Ti3C2Tx. The (002) peak of 
Ti3C2Tx powder shifted to 2θ of 7.2°, which corresponds to a interlayer space of 1.23 
nm different from that in the initial MAX (Ti3AlC2) phase (9.6°). The dominant peak 
of Ti3C2Tx is left shifted to 6.2° after ultrasonic stripping. Furthermore, the XRD 
pattern of Pt/CNT-Ti3C2Tx exhibits the characteristic peak of CNT at 25.9° and Pt (111) 
and (200) at 39.8° and 46.3°, respectively. Similarly, the Raman spectra in Fig. S1b 
reveal the six different vibration modes (A(209 cm-1), B(270 cm-1), C(383 cm-1), 
D(591 cm-1), E(629 cm-1) and F(734 cm-1)) of Ti3C2Tx comparing to MAX-Ti3AlC2 
(a(128 cm-1), b(185 cm-1), c(205 cm-1), d(274 cm-1), e(488 cm-1) and f(653 cm-1)) 
corresponding to the vibration response of Ti3C2Tx (Tx=O2, (OH)2, O(OH) and F2) for 
Ti2, C, O and F atoms, respectively, further proving the exfoliation process [38]. 
The X-ray photoelectron spectroscopy (XPS) survey scan results showed that the 
content of Al (74.83ev) decreased after etching and ultrasonic stripping (Fig. S2a-c). 
An amount of –OH and/or –F groups introduced during the HF etching process 
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actives as anchor points that may facilitate the dispersion and binding for Pt 
nanoparticles on MXene [2]. Moreover, the Pt 4f5/2 binding energy of Pt/CNT-Ti3C2Tx 
is 71.16 eV, which shifts 0.21 eV to higher value compared to Pt/C (71.37 eV; Fig 
S2d). This indicates the stronger interaction between the CNT-Ti3C2Tx support and Pt 
nanoparticles than that of carbon and Pt [3]. The peaks of Pt 4f7/2 and Pt 4f5/2 
correspond to two peaks: Pt0 and Pt2+, respectively (Fig S3 and table S1), This 
indicates the formation of the oxidized Pt species. 
TEM and HRTEM images in Fig.1a, b shows that the exfoliated CNT-Ti3C2Tx 
nanosheets consist of only a few layers of Ti3C2Tx and the Pt particle size distribution. 
The layered Ti3C2Tx with negative charge and CTAB modified CNT with positive 
charge are self-assembly of the hybrid support CNT-Ti3C2Tx. The Pt particles are 
dispersed uniformly on the CNT-Ti3C2Tx support with a size distribution around 2-5 
nm. The distance of Pt particle between two lattice planes is around 0.23 nm, which 
can be recognized to Pt (111) in Pt/CNT-Ti3C2Tx as Fig. 1c, d shown. Fig. 1c, d 
images of Pt show their multi crystalline structure with a highly ordered continuous 
fringe pattern, and most of the exposed facets were found to be (111), although a 
small fraction of (110) and (100) facets could also be identified. Bright spots are 
observed in HAADF–STEM image in Fig. 1e, which confirms the formation of Pt 
atoms on the CNT-Ti3C2Tx nanosheets. The EDS mapping of the Pt/CNT-Ti3C2Tx 
catalyst shows that the characteristic elements Ti, F and O of Ti3C2Tx and the N 
element of CTAB are evenly distributed, indicating that Pt particles have good 





Figure 1, (a) TEM image and Particle size distribution of Pt/CNT-Ti3C2Tx catalyst, (b) 
and (c) HRTEM image of Pt/CNT-Ti3C2Tx catalyst, (d) SAED image of Pt particles, 
(e) The HAADF-STEM image and EDS mapping of Pt/CNT-Ti3C2Tx catalyst 
 
Electrochemical ORR evaluation of Pt/CNT-Ti3C2Tx. The ORR activity of the 
Pt/CNT-Ti3C2Tx was evaluated with the graphite rod as the counter electrode in 
HClO4 solution. Fig. 2a exhibits CV curves revealing a discernible positive shift in 
the peak potential of the reduction of OH groups adsorbed on the Pt/CNT-Ti3C2Tx 
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catalyst surfaces compared with that corresponding to the Pt/C surface. This indicates 
that Pt/CNT-Ti3C2Tx has more active sites for ORR because of a lower OH 
chemisorption energy [3, 39]. The half-wave potential of Pt/CNT-Ti3C2Tx (1:1, 
0.876V) exhibits a positive right shift of approximately 41 mV, 31mV, 29 mV, 24mV 
and 65mV relative to that of Pt/C (0.835V), Pt/CNT-Ti3C2Tx (2:1, 0.845V), 
Pt/CNT-Ti3C2Tx (1:2, 0.847V), Pt/Ti3C2Tx (0.852V) and Pt/CNT (0.811V) shown in 
Fig. 2b. It reveals the substantial ORR activity at lower over-potentials. The specific 
and mass activities of Pt-based ORR electrocatalysts at 0.9V have been widely used to 
evaluate their electro-catalytic activities. The electrochemical surface areas (ECSAs) 
of Pt/C, Pt/CNT-Ti3C2Tx (1:2), Pt/CNT-Ti3C2Tx (2:1), Pt/CNT-Ti3C2Tx (1:1), 
Pt/Ti3C2Tx  and Pt/CNT catalysts are calculated as 46.7 m2 g-1, 57.4 m2 g-1, 34.2 m2 
g-1, 63.0 m2 g-1, 19.9 m2 g-1 and 34.9 m2 g-1, respectively. Moreover, their specific 
activities are 0.103 mA cm-2, 0.207 mA cm-2, 0.147mA cm-2, 0.259 mA cm-2, 0.0849 
mA cm-2 and 0.0229 mA cm-2, respectively. Similarly, after normalization to the 
loading amount of Pt metal (1.8μg), the mass activity of the Pt/CNT-Ti3C2Tx (1:1, 
0.163 A mg-1), Pt/ CNT-Ti3C2Tx  (2:1, 0.0504 A mg-1) and Pt/CNT-Ti3C2Tx (1:2, 0.117 
A mg-1) are 3.4, 1.05 and 2.4 times than that of Pt/C (0.048 A mg-1), respectively. The 
limiting current density (LCD) of Pt/CNT-Ti3C2Tx (1:1), Pt/CNT- Ti3C2Tx (1:2) and 
Pt/CNT-Ti3C2Tx (2:1) increased with rotational speed increasing because of the more 
O2 diffusing to the electrode surface as shown in Fig. S4a, b, c. The LSV (Fig. 2d) of 
Pt/CNT-Ti3C2Tx (1:1) showed good linearity and near parallelism of the fitting lines, 
indicating the first order kinetics with respect to dissolved O2 and similar electron 
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transfer numbers for ORR at different potentials. From the slope of the K-L curve, the 
number of electron transfers (n) of Pt/CNT-Ti3C2Tx (1: 1) was 3.7, which was 
consistent with the theoretical four-electron transfer. 
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Figure. 2, (a) CV curves for Pt/CNT-Ti3C2Tx, Pt/Ti3C2Tx, Pt/C and Pt/CNT catalysts 
(recorded in 0.1M N2-saturated HClO4 with a scan rate of 50 mV/s). (b) ORR 
polarization curves for Pt/CNT-Ti3C2Tx, Pt/Ti3C2Tx, Pt/C and Pt/CNT catalysts 
(recorded in O2-saturated 0.1M HClO4 at 1600rpm and with a scan rate of 10 mV/s). 
(c) Specific activity and mass activity at 0.9 V for Pt/CNT-Ti3C2Tx, Pt/Ti3C2Tx, Pt/C 
and Pt/CNT catalysts. (d) Corresponding Koutecky–Levich plots of Pt/CNT-Ti3C2Tx 
(1:1) at different potentials. 
 
Pt/CNT-Ti3C2Tx (1:1) demonstrated a better electrocatalytic stability compared with 
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Pt/C under the same Pt loading (1.8μg) as shown in fig 3a. The ECSA of 
Pt/CNT-Ti3C2Tx (1:1) catalysts maintained at the equal value of 60 m2 g-1, which is 
only 6% dropping with respect to Pt/C of 27% after 2000 cycles potential sweeping 
(Fig. 3b). Thus, Pt/CNT-Ti3C2Tx (1:1) exhibits a 4.5-fold improvement. Fig. 3c, d 
exhibit the half-wave potential of Pt/CNT-Ti3C2Tx (1:1) catalysts had dropped by 
19mV while Pt/C lost 23 mV. The TEM image confirms that Pt particles of 
Pt/CNT-Ti3C2Tx (1:1) catalyst have no noticeable aggregation after the 2000 cycles 
potential sweeping. Therefore, the Pt/CNT-Ti3C2Tx (1:1) catalyst is more 
electrochemically stable than the Pt/C catalyst. The existence of CNT could introduce 
space vectors between the Ti3C2Tx flakes, which can effectively prevent the Ti3C2Tx 
re-stacking. Moreover, the CNT could reduce the deformation of Pt clusters while 
Ti3C2Tx flakes could serve as arching site to provide strong adsorption to Pt. 
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Figure. 3,  CV curves for (a) Pt/CNT-Ti3C2Tx(1:1) catalysts (recorded in 0.1M 
N2-saturated HClO4 with a scan rate of 100 mV s-1 ); (b) Normalized Pt ECSA of 
Pt/CNT-Ti3C2Tx(1:1) and Pt/C catalysts as a function of the number of CV cycles; 
ORR polarization curves for (c) Pt/C; (d) Pt/CNT-Ti3C2Tx (1:1) catalysts before and 
after the accelerated durability tests cycling (recorded in O2-saturated 0.1M HClO4 at 
1600 rpm and with a scan rate of 10 mV s-1 ), the insert image shows the TEM of 




























































































Figure 4, Polarisation and power density、stability curves (a) of Pt/CNT-Ti3C2Tx(1:1) 
and Pt/C catalysts used in H2/air fuel cells operated at 60℃; (b) Fuel cell stacks 
performance in H2/air at 25℃ 
 
In order to evaluate the Pt/CNT-Ti3C2Tx (1:1) catalyst under PEMFC operating 
conditions, they were integrated as cathodes into a single cell MEA working at 60°C 
and atmospheric pressure as shown in Fig. 4 (a). MEAs consisted of Pt/CNT-Ti3C2Tx 
(1:1) (0.2 mgPt cm−2) as cathode catalyst for ORR, and Pt/C (0.2 mgPt cm−2) as anode 
catalyst for H2 oxidation. H2–Air performance provides practical operative conditions. 
For comparison, the fuel cell curve with commercial Pt/C catalyst at cathode was also 
obtained under identical conditions. The anode using commercial Pt/C catalyst was 
set as standard.  Activation over-potential losses which manifest in the polarization 
curves at lower current density region (normally <100 mA cm−2), arise predominantly 
because of the slower kinetics of the reaction at the cathode. The higher cell voltage 
value with Pt/CNT-Ti3C2Tx (1:1) catalyst implies lower activation over-potential loss 
and better ORR catalytic activity that could be attributed to stronger metal-support 
interaction and faster interfacial oxygen kinetics [40]. Moreover, the fuel cell 
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performance with Pt/CNT-Ti3C2Tx (1:1) is close to that using Pt/C as cathode catalyst 
at the current density below 300 mA cm−2. However, the Pt/CNT-Ti3C2Tx (1:1) 
exhibits a performance better than the Pt/C owing to fast mass transfer of the 
Pt/CNT-Ti3C2Tx (1:1) catalyst at the concentration polarization region [41]. The peak 
power density of Pt/CNT-Ti3C2Tx (1:1) and Pt/C catalyst used in fuel cells are 181 
mW cm-2 and 141 mW cm-2, respectively. PEMFC with Pt/C and Pt/CNT-Ti3C2Tx (1:1) 
catalysts were operated at 0.30 V for 360 min. The current densities of both cell keep 
a straight line without obvious decline indicating a similar durability of these two 
catalyst. The above results demonstrate the superior performance of CNT-Ti3C2Tx (1:1) 
supported Pt catalyst as an ORR catalyst for fuel cell. The Pt/CNT-Ti3C2Tx (1:1) was 
mixed with Pt/C as catalyst to evaluate the performance for the practical application 
as shown in Fig. 4(b). However, only 10 wt.% Pt/CNT-Ti3C2Tx (1:1) was used in 
catalyst because of large amount catalyst required for the fuel cell stack. The Open 
circle voltage (OCV) of 18V is achieved. The PEMFC stack delivers cell voltage of 
12V at a current density of 8.3 A at 25℃. The maximum power density of stack is 
138.6 W at 11V and 12.6A. The results further confirm the enhanced catalytic 
performance of Pt/CNT-Ti3C2Tx (1:1) for the PEMFC. 
The aforementioned electrochemical tests indicate CNT-modified MXene substrate 
(CNT-MXene) can significantly enhance the catalytic activities of Pt clusters. To 
clarify the intrinsic relationship between the surface composition of Pt/CNT-Ti3C2Tx 
in an acidic solution, we performed first-principles simulations to explore the the 
mechanism of cooperative activation effects on electrochemical reaction in 
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CNT-modified cathode. Fig. S5(a) and (b) show the Pt clusters on MXene with and 
without CNT-modification, denoted by Pt/MXene and Pt/CNT-MXene respectively 
(see method and Supplementary Fig S5-6 for details). 
The adsorption and dissociation of O2 molecules, as well as the desorption of O atoms 
on two kinds of catalyst are calculated, which are described by the adsorption energy 
(Ead) of O2, dissociation barrier (Ebar) of O2, and binding energy (Ebind) between O 
atoms and Pt catalysts, respectively. The definitions are given by the following 
equations: 
Ead = E(catalyst)+ E(O2)－E(O2/catalyst)                               (4) 
Ebar = E(transition state)－E(initial state)                               (5) 
Ebind = E(catalyst)+ 0.5*E(O2)－E(O/catalyst)                           (6) 
To accelerate electrochemical reaction rate on cathodes, the Ead of O2 should be 
enhanced by cathodic catalysts. Simultaneously, both Ebind of O and Edis of O2 should 
be reduced. Table S3 suggests that, on both two kinds of cathodes, O2 molecules have 
the small dissociation barriers of about 0.366 eV (Fig. S6), significantly smaller than 
that on Pt (111) surface (0.52~0.72 eV), a typical ORR catalyst [42]. These results of 
Ebar suggest that, two kinds of cathodes both improve the O2 dissociation compared to 
Pt (111) surface on the one hand; and CNT-modification has a less impact on the O2 
dissociation compared to the cathode without CNT on the other hand. For O2 
adsorption, the effect of CNT on adsorption strength is also small according to the 
calculated Ead. The calculated projected density of states (DOS) of the d-electrons is 
given in Fig. 5(a) for Pt on MXene and CNT-MXene substrates. Compared with the 
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projected DOSs on these two substrates, it is found that the positions of the projected 
DOS peak have no obvious changes relative to the Fermi level (see the red arrow in 
Fig. 5(a)), which could be responsible for the similar adsorption and dissociation 
activities of O2 on two kinds of cathodes.  
Many recent works point out that the desorption of O atoms could be a vital step on 
cathode catalysts by binding H- to form H2O. The high O binding energy would result 
in a slow step of further reduction of adsorbed oxygen adsorbates [43, 44]. Our 
calculated Ebind suggest that, on Pt/CNT-MXene, the desorption of O atom obviously 
become much easier than that on the cathode without CNT (See Table S3). The Ebind 
on Pt/CNT-MXene and Pt/MXene are 0.337 and 0.683 eV respectively. Therefore, 
CNT-modification is obviously advantageous to improve the ORR activity of 
cathodes. An interesting issue is how CNT-modifications weaken the binding of O 
atoms on Pt cluster. To answer it, the effects of CNT-modifications on the geometric 
structures of Pt clusters are taken into account and given in Fig. 5(b). It is found that 
there exists a remarkable structure distortion of the Pt cluster without 
CNT-modifications, corresponding to a bad stability of Pt cluster on MXene. In 
contrast, on CNT-MXene substrates no large distortion is observed for the Pt cluster 
(see Fig. 5(b)). Therefore the CNTs could contribute to improving the stability of Pt 
cluster. Based on this, the larger binding energy of O atom on Pt/MXene would 
mainly originate from the strong bonds between O atoms and local Pt atoms at 
distortion regions. These theoretical results discover the mechanism that CNTs 
improve the electrochemical performance of cathodes. For the O2 dissociation and 
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adsorption, the charge transfer play a major role from Pt d-electrons into the 
antibonding π* orbital of adsorbed O2 molecules, so the effects of electronic 
structures are dominant. On two kinds of substrates, the similarity of the d-electron 
DOS near Fermi level would lead to the similar Ead and Ebar of O2 molecules. For the 
bonding of the single O atom on Pt surface, the 2p-orbitals of the O atom will 
hybridize with Pt atoms, i.e., the local active Pt atoms on distorted surface would have 
a significant impact on the Ebind of single O atom. Correspondingly, the geometric 
structures and stabilities of the Pt cluster become important for binding O atoms. 
Additionally, we also discussed the reason why MXene-supported Pt has relative high 
activities for O2 dissociation compared with Pt(111) surface. The detailed results are 
given in Fig. S8. The calculated results are shown in the following figure, in which we 
use the same number of Pt atoms to calculate the PDOS. Obviously, the PDOS of 
MXene-supported Pt have higher peaks near the Fermi level than that of Pt(111) 
surface, which should be responsible for the higher activities, corresponding to a 
lower Ebar for O2 dissociation. 
 
Figure 5, (a) Projected DOS of d-electrons of surface Pt atoms on MXene (above) 
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and CNT-MXene (below), excluding the edge Pt atoms. (b) Optimized geometric 
structures of Pt clusters on MXene (above) and CNT-MXene (below), where the 
green spheres represent the surface Pt atoms. 
 
Conclusions 
In summary, an integration of Pt metal and CNT-Ti3C2Tx composite support through a 
facile chemical method is demonstrated in this work. The hybrid CNT-Ti3C2Tx 
support has a strong influence on the electrocatalytic activity and stability of Pt 
catalyst. The mass activity and specific activity of Pt/CNT-Ti3C2Tx (1:1) are 3.4 and 
2.5 times than that of Pt/C, respectively. The superior ORR performance of 
Pt/CNT-Ti3C2Tx (1:1) could be ascribed to the synergistic effect of its support 
individual components Ti3C2Tx and CNT. The O2 dissociation of Pt/CNT-Ti3C2Tx (1:1) 
is much better than the Pt/C, and the desorption of O atom on composite catalyst 
become much easier when CNT added. Furthermore, the distortion of the Pt cluster 
could be reduced by introducing the CNT forward to Ti3C2Tx, which benefits to the 
catalytic stability. The Pt/CNT-Ti3C2Tx (1:1) are used as cathode catalyst for PEMFC, 
and the maximum power density of fuel cell stack reach 138W. 
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